In this paper, we consider exact reflection symmetries with universal four-zero texture for quarks and leptons. The previous study of µ−τ reflection symmetries can be translated to forms P m * u,ν P = mu,ν, m * d,e = m d,e with P = diag (−1, 1, 1) in the basis of four-zero texture. We call such a symmetry reflection because it is just a extended CP symmetry and no longer a µ − τ reflection. These symmetries can constrain the Majorana phases and then enhance predictivity of the leptogenesis.
I. INTRODUCTION
The discovery of the neutrino oscillation [1] [2] [3] [4] proved finite mass and mixing of neutrinos. In order to explain the peculiar mixing pattern, a lot of flavor structures such as four-zero texture [5] [6] [7] [8] [9] [10] [11] , democratic texture , µ−τ symmetry [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] and µ−τ reflection symmetry [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] have been studied. Among them, the author discussed exact µ − τ reflection symmetries and four-zero texture for quarks and leptons [80] .
In this paper, we consider exact reflection symmetries with universal four-zero texture for quarks and leptons. The previous study of µ − τ reflection symmetries can be translated to forms P m * u,ν P = m u,ν , m * d,e = m d,e with P = diag (−1, 1, 1) in the basis of four-zero texture. We call such a symmetry reflection because it is just a extended CP symmetry and no longer a µ − τ reflection. These symmetries can constrain the Majorana phases and then enhance predictivity of the leptogenesis.
In this scheme, fermion mass matrices are restricted to have only four parameters. It predicts the Dirac phase δ CP ≃ 203 • and m 1 ≃ 3 [meV] in the case of the normal hierarchy.
Mass matrix of the right-handed neutrinos M R also exhibits a four-zero texture with the reflection symmetries because four-zero textures are type-I seesaw invariant [6] . An u − ν unification predicts mass eigenvalues as
Since CP phases are restricted in the first row and column, this idea suggests that CP violation of flavor mixing only comes from a chiral symmetry breaking of the first generation.
This paper is organized as follows. The next section is a review of exact µ−τ reflection symmetries and four-zero textures. In Sec. 3 and 4, we discuss universal four-zero texture and reflection symmetries. The final section is devoted to conclusions and discussions. * Electronic address: yang@krishna.th.phy.saitama-u.ac.jp
II. FOUR-ZERO TEXTURE AND µ − τ REFLECTION SYMMETRIES
In this section, we review the previous study which discussed exact µ − τ reflection symmetries and four-zero texture [80] . At the beginning, the mass matrices of the Standard Model fermions f = u, d, e and neutrinos ν L are defined by
As textures of mass matrices, we assume hermitian fourzero textures [5] and a symmetric neutrino mass:
with real parameters r f ,
For the later convenience, the relative phases are pressed on m u,ν . Bi-maximal transformation of the basis by the following U BM ,
These matrices (8)-(11) separately satisfy exact µ − τ reflection symmetries:
where
Note that this symmetry is not imposed on m ν in the basis of four-zero texture (4) .
Diagonalizing the mass matrices m f = U Lf m diag f U † Rf , one obtains the CKM and MNS mixing matrices
The predicted CKM matrix has the maximal CP phase in the Fritzsch-Xing parameterization [81] :
gives a nice agreement between the predicted V cb , V ts and the observation [35] .
Similarly, the MNS matrix is obtained as
The Majorana phases are discussed later. Since the sign of A e ≃ ± m e /m µ only affects the sign of CP phase δ CP , we fix A e > 0. Moreover, the 2-3 mixing of the V e is small (∼ sin −1 (±m µ /m τ ) = ±3.37 • ). Then, it is tentatively absorbed to c 23 and s 23 . It leads to
The parameter m e /m µ ≃ 0.07 and mixing angles of the latest global fit [82] θ P DG
determines mixing parameters as
The sign ± in Eq. (20) corresponds to the sign of cos δ CP . Since the latest global fit found cos δ CP < 0 [82] , minus sign s 13 = −0.140 is adopted. The Dirac phase δ CP can be evaluated from the Jarlskog invariant [83] ,
From Eq. (17), J is calculated as 
Since s 13 = −0.14 is small,
It is very close to the best fit δ CP / • = 217 +40 −28 [82] .
Including the Majorana phases
one can reconstruct the neutrino mass matrix m ν as
The µ − τ reflection symmetry (12) restricts the Majorana phases to be α 2,3 /2 = nπ/2 (n = 0, 1, 2, ...) [76, 78] . Moreover, if universal texture (m f ) 11 = 0 for f = u, d, ν, e [45] is assumed, we can determine the lightest neutrino mass m 1 from the condition of the texture
where t 13 ≡ s 13 /c 13 . The numerical value of the mass becomes |m 1 | = 6.23 [meV] for (α 2 , α 3 ) = (0, 0) or (π, π), (29) = 2.52 [meV] for (α 2 , α 3 ) = (0, π) or (π, 0), (30) for the normal hierarchy (NH) case. Here, we used mass differences from the global fit [82] ∆m 2 for (α 2 , α 3 ) = (0, 0) or (π, π), for (α 2 , α 3 ) = (0, π) or (π, 0).
In the case of Eq. (33), the matrix m ν also exhibits approximate four-zero texture. In particular, a choice of parameter r e B e /C e ∼ r e m µ /m τ ∼ +0.08 makes (m ν ) 13 to be zero. Then, with these conditions, m ν becomes a four-zero texture such as for (α 2 , α 3 ) = (π, 0).
The eigenvalues of m ν0 are found to be (m 1 , m 2 , m 3 ) = (3.06 , −9.39 , 50.9) [meV].
Indeed the majorana phases α 2 = π, α 3 = 0 are realized. The right-handed neutrino mass M R can be reconstructed from the type-I seesaw mechanism [84] [85] [86] with some GUT relations. For example, Yukawa interaction for neutrinos is determined in a Pati-Salam GUT [32] 
with the Georgi-Jarlskog relation B ν = −3B u [87] . M R also displays the four-zero texture because the four-zero texture is seesaw invariant [6] , 
Here, we used quark masses at the m Z scale m f (m Z ) [88] ,
and r ν = 1.6. Indeed M R also satisfies The true values are supposed to be between Eq. (41) and Eq. (44).
Since the mass matrix M R have strong hierarchy M R ∼ Y T u Y u , the lightest mass eigenvalue M R1 is too small [89, 90] for the naive thermal leptogenesis [91] . However, leptogenesis may be achieved by the decay of the second lightest neutrino ν R2 [92] with the maximal majorana phase α 2 /2 = π/2. Besides, the O(100) TeV neutrino ν R1 might have some relation to the IceCube gap [93, 94] .
IV. REFLECTION SYMMETRIES
Let us consider mathematical and physical meaning of the µ − τ reflection symmetries:
In the basis of the four-zero texture, these conditions lead to
Surprisingly,
Then, the µ − τ reflection symmetries in the four-zero basis are found to be
Hermitian or symmetric mass matrices which satisfy Eq. (49) are given by 
with real parameters a f ∼ f f . The mass matrices (2)-(5), (34) and (38) satisfy these conditions. We call such a symmetry reflection because it is just a extended CP symmetry and no longer a µ − τ reflection. The reflection symmetries (49) has freedom of unitary transformation. For example, the down-type mass m d,e also can have phases by transformation of a phase matrix P = diag(e iφ , 1, 1): In this case, by the following equivalent transformation
deforms the reflection symmetries as
Note that the reflection symmetries control only phases and zero texture conditions are not imposed. As a justification of the four-zero texture, a chiral symmetry breaking S 2L × S 2R → 0 have been studied in the context of democratic textures [33] [34] [35] [36] [37] [38] [39] [40] . In this scheme, S 2(L,R) is a permutation symmetry between the first and second generation of left-(right-)handed fermions. These chiral symmetries retain the lightest fermions to be massless.
A permutation-symmetric texture can be transformed to a hierarchical texture by a bi-maximal mixing between 1-2 generations, as shown in Table 1 . In the hierarchi- cal basis, the up-type Yukawa matrix respects a "µ − e" reflection symmetry:
and they restrict δ u,ν = ǫ d,e = 0. This idea suggests that CP violation of flavor mixing only comes from a chiral symmetry breaking of the first generations. Large CP violation in m ν (and m u ) is desirable from the viewpoint of the leptogenesis.
V. CONCLUSIONS AND DISCUSSIONS
Mass matrix of the right-handed neutrinos M R also exhibits a four-zero texture with the reflection symmetries because four-zero textures are type-I seesaw invariant. An u − ν unification predicts mass eigenvalues as (M R1 , M R2 , M R3 ) = (O(10 5 ) , O(10 9 ) , O(10 14 )) [GeV]. Since the mass matrix M R have strong hierarchy M R ∼ Y T u Y u , the lightest mass eigenvalue M R1 is too small for the naive thermal leptogenesis. However, leptogenesis may be achieved by the decay of second lightest neutrino ν R2 with the maximal majorana phase α 2 /2 = π/2. Besides, the O(100) TeV neutrino ν R1 might have some relation to the IceCube gap.
